The left posterior inferior frontal cortex (IFC) is important for syntactic processing, and has been shown in many functional imaging studies to be differentially recruited for the processing of syntactically complex sentences relative to simpler ones. In the non-fluent variant of primary progressive aphasia (PPA), degeneration of the posterior IFC is associated with expressive and receptive agrammatism, however the functional status of this region in non-fluent PPA is not well understood. Our objective was to determine whether the atrophic posterior IFC is differentially recruited for the processing of syntactically complex sentences in non-fluent PPA. Using structural and functional magnetic resonance imaging, we quantified tissue volumes and functional responses to a syntactic comprehension task in eight patients with non-fluent PPA, compared to healthy age-matched controls. In controls, the posterior IFC showed more activity for syntactically complex sentences than simpler ones, as expected. In non-fluent PPA patients, the posterior IFC was atrophic and, unlike controls, showed an equivalent level of functional activity for syntactically complex and simpler sentences. This abnormal pattern of functional activity was specific to the posterior IFC: the mid superior temporal sulcus, another region modulated by syntactic complexity in controls, showed normal modulation by complexity in patients. A more anterior inferior frontal region was recruited by patients, but did not support successful syntactic processing. We conclude that in non-fluent PPA, the posterior IFC is not only structurally damaged, but is also functionally abnormal, suggesting a critical role for this region in the breakdown of syntactic processing in this syndrome.
Introduction
Syntactic processing is a complex cognitive function whereby speakers and listeners implicitly construct and manipulate abstract hierarchical structures that specify the relationships between the words and morphemes that make up sentences (Gibson, 1998) . Neuropsychological and functional neuroimaging studies have shown that brain regions throughout dominant perisylvian cortex are involved in syntactic processing (Bates et al., 1987a (Bates et al., , 1987b Caplan & Hildebrandt, 1998; Dronkers et al., 2004; Tyler & Marslen-Wilson, 2008; Friederici et al., 2009) . One region thought to be particularly important is the posterior inferior frontal cortex (IFC), which we define as including the pars opercularis and triangularis of the inferior frontal gyrus, and the adjacent inferior frontal sulcus. Patients with damage encompassing this area often present with Broca's aphasia, which is characterized by expressive and receptive agrammatism (Caramazza & Zurif, 1976; Goodglass, 1993) , and numerous functional imaging studies have revealed increased inferior frontal activation for syntactically complex sentences relative to simpler ones (Stromswold et al., 1996; .
Primary progressive aphasia (PPA) is a clinical syndrome in which progressive speech and/ or language deficits are associated with degeneration of dominant hemisphere language regions (Mesulam et al., 2001) . In particular, degeneration of inferior frontal cortex has been associated with the non-fluent/agrammatic variant of PPA, in which syntactic deficits are prominent . Non-fluent PPA patients produce agrammatic speech (Hodges & Patterson, 1996; Thompson et al., 1997; Weintraub et al., 2009) , are impaired in comprehending syntactically complex sentences (Hodges & Patterson, 1996; , and are relatively insensitive to grammatical violations Cotelli et al., 2007) . Structural imaging studies using voxel-based morphometry have demonstrated associations between left inferior frontal volume loss and both receptive (Amici et al., 2007; Peelle et al., 2008) and expressive (Wilson et al., 2010) syntactic deficits.
Unlike stroke-induced Broca's aphasia in which the posterior IFC and surrounding regions are typically completely destroyed, atrophy is gradual and progressive in PPA. Since functional and structural changes in neurodegenerative disease do not necessarily correspond directly (Dickerson & Sperling, 2009) , this raises the question of to what extent surviving neural tissue in this region is functional. Metabolic studies have shown hypometabolism of inferior frontal regions in non-fluent PPA (Nestor et al., 2003 , Rabinovici et al., 2008 , but little is known regarding task-related modulation of functional activity by syntactic processing. One study of three non-fluent PPA patients scanned during a sentence comprehension task showed reduced left inferior frontal activity, but the small sample size did not permit a direct comparison between patients and controls (Cooke et al., 2003) .
In this study, our primary aim was to determine whether the atrophic left posterior IFC is differentially recruited for the processing of syntactically complex sentences in non-fluent PPA, as it is in normal subjects. We approached this question by using structural and functional magnetic resonance imaging (fMRI) to quantify regional changes in tissue volume and functional responses to a syntactic comprehension task in patients with nonfluent PPA, in comparison to healthy age-matched controls. More generally, we compared the spatial distribution throughout the brain of structural and functional changes, including potentially compensatory functional activity.
Methods

Participants
We successfully scanned eight patients with non-fluent PPA and 24 normal controls over an 18-month period. Patients and normal control subjects were recruited through the Memory and Aging Center at the University of California, San Francisco (UCSF). All participants gave written informed consent, and the study was approved by the Committee on Human Research at UCSF. Patients and controls received a comprehensive multidisciplinary evaluation including neurological history and examination, neuropsychological testing, and neuroimaging.
A diagnosis of PPA required progressive deterioration of speech and/or language functions, and that deficits be largely restricted to speech and/or language for at least two years (Mesulam, 2001) . Patients were diagnosed with the non-fluent variant of PPA based on new consensus guidelines . The non-fluent variant criteria require the presence of one or both of two core features: agrammatism, and/or effortful speech. Additionally, at least two of three supporting features must be present: comprehension deficits for syntactically complex sentences, spared single word comprehension, and/or spared object knowledge. Neuroimaging results were not used for diagnostic purposes, but only to rule out other causes of focal brain damage.
Additional inclusion criteria were fluency in English, and a Mini-Mental State Examination score of at least 15. Nine patients met these criteria and were scanned, but one was excluded since she performed at chance on all conditions including those that required lexical knowledge alone (see below), so all analyses were based on the remaining eight patients.
Two of the eight patients were severely agrammatic in their speech production (e.g. and uh a blanket… and… a thongs off the man… and um… uh… teenagers um… in the kite), two were moderately so (e.g. the family is have a picnic, and um, the young son is flying their kei-k-kite), one was near-mute with severely agrammatic written language (e.g. man read book girl the coffee in cup), one was near-mute with moderately agrammatic written language (e.g. the couple having a picnic, they are sitting a blanket under a tree), and two had primarily speech motor deficits, with intact syntax in production (e.g. the fellow is reading a book, the woman is pouring some l-liquids), and mild syntactic deficits evident only in comprehension of complex sentences. All patients were clinically diagnosed with apraxia of speech, with severity ranging from 2 to 7 on a 7-point scale (Wertz et al., 1984) , and 4 of the 8 were dysarthric (including the two who were near-mute).
Demographic, clinical and neuropsychological characteristics for all participants are provided in Table 1 . There were no significant differences between patients and controls in age, sex, handedness or education.
In addition to the 24 normal controls who took part in functional imaging, structural images from another group of 50 healthy age-matched controls were used to create a template for intersubject normalization and voxel-based morphometry.
Experimental design
Participants were scanned with functional MRI as they listened to sentences and selected the matching picture from two choices: a target and a foil. Seven conditions that varied in terms of the syntactic processing required (see below) were presented in a block design. All conditions required sentence comprehension; we did not use any low level control conditions such as backwards sentences or signal-correlated noise, since in pilot studies we had found these to be confusing for some patients. There were three blocks per condition, for a total of 21 blocks, presented in random order. Each block was 28 s in length and contained four equally spaced trials, and there were 16-second rest periods between blocks and at the beginning and end of the experiment. The total duration of the functional sequence was 15 m 40 s.
Each trial began with the presentation of two pictures: one on the left and one on the right of the screen. One second later, a sentence was presented auditorily which matched one of the two pictures. Participants selected the matching picture at any point (either before or after hearing the end of the sentence) by pressing one of two buttons. A yellow box then appeared around the chosen picture. If participants failed to respond within five seconds from the onset of sentence presentation, the pictures disappeared, however late responses were still recorded and analyzed. One second later, the next trial began.
The extent to which a sentence comprehension task makes demands on syntactic processing resources depends not only on the structure of the sentences, but also on the nature of the foil pictures. For instance, if the foil picture involves a different action than the target picture, a correct response can be generated based on lexical information alone (the verb), without necessarily even parsing the sentence. On the other hand, if the foil picture contains the same actors as the target picture yet their thematic roles (i.e. agent, patient) are different, it is necessary to attend to syntactic structure to determine the correct role assignments and make the correct choice. In cases where syntactic structure determines the correct response, there is a further important difference between sentences with canonical and non-canonical structures. A sentence such as The boy kissed the girl is canonical in every respect: the agent is encoded as the subject and immediately precedes the verb, and the patient is encoded as the object and immediately follows the verb. These configurations are prototypical in English. In contrast, The girl was kissed by the boy is non-canonical is several ways: the patient is encoded as the subject and therefore precedes the verb, whereas the agent is encoded in an adjunct by-phrase and so follows the verb. While theoretical explanations differ, it is well established that non-canonical structures are more difficult and require more resources to process than canonical structures, as indexed by accuracy and/or reaction time (Bates & MacWhinney, 1989; Caplan & Hildebrandt, 1998; Gibson, 1998) .
With these considerations in mind, we devised seven conditions that differed in terms of whether or not syntactic information was necessary to respond correctly, and if so, whether the syntactic structure of the sentence was canonical or non-canonical (Fig. 1, Table 2 ). Three conditions consisted of short sentences (7 syllables each), and four consisted of long sentences (10 syllables each). The short conditions contained just one sentence type each (12 items), whereas the long conditions contained two different sentence types (6 items of each) determined in pilot testing to be similar in difficulty. Within each length category, all conditions were matched for length, for lexical content, and for the point at which the sentence would disambiguate between the target and foil pictures.
To keep lexical demands to a minimum, all sentences were constructed using just two highfrequency nouns (boy, girl), one of seven high-frequency verbs (push, pull, kiss, kick, chase, wash, hug) , and for the long sentences, one of three high-frequency color adjectives (red, green, blue) . The stimuli were digitally recorded by one of the authors (MG). Many of the sentences and pictures were based loosely on items from the Curtiss-Yamada Comprehensive Language Evaluation (Curtiss & Yamada, 1988) , though our experimental design differed from this test in many ways.
The primary contrast of interest, for both behavioral and imaging analyses, was between conditions with non-canonical sentences (Short Passive, Long Medium, and Long Hard), and those with canonical sentences (Short Lexical, Short Active, Long Lexical and Long Easy). The Short Passive condition was multiplied by two in order to balance short and long conditions across the contrast. This contrast averaged across short and long conditions. Our design did not permit the direct comparison of short and long conditions, because they differed in sentence length, lexical content, and point of disambiguation. A secondary contrast of interest was the average of all seven conditions.
Neuroimaging protocol
Prior to scanning, participants were trained on the task until they could perform it confidently for the Short Lexical condition. They then lay supine in a Siemens 3 Tesla Trio scanner. They wore earplugs and padded headphones, viewed a monitor through a mirror, and held a fiber-optic response pad in their right hand, with their index and middle fingers on the left and right buttons respectively.
For intersubject registration and voxel-based morphometry, a T1-weighted 3D magnetization prepared rapid acquisition gradient echo (MPRAGE) sequence was acquired with the following parameters: 160 sagittal slices; slice thickness = 1 mm; field of view = 256 × 256 mm; matrix = 230 × 256; repetition time (TR) = 2300 ms; echo time (TE) = 2.98 ms; flip angle = 9°.
For the blood oxygen level dependent (BOLD) functional MRI paradigm, 470 T2*-weighted echo-planar volumes were acquired with the following parameters: 32 AC/PC-aligned axial slices in interleaved order; slice thickness = 3.6 mm with 0.9 mm gap; field of view = 230 × 230 mm; matrix = 96 × 96; TR = 2000 ms; TE = 28 ms; flip angle = 90°.
Auditory and visual stimuli were presented and accuracy and reaction time data were recorded with PsychToolbox 3.0.8 (Brainard, 1997; Pelli, 1997) running under MATLAB 7.4 (Mathworks, Natick, MA). Prior to the functional scan, additional practice trials were presented in the scanner while functional data was acquired (and discarded), in order to familiarize subjects with performing the task in the scanner environment, and also to adjust the volume of the stimuli to a comfortable level at which sentences could be heard over the background scanner noise.
Analysis of behavioral data
Accuracy and reaction time were compared across groups using t-tests with unequal variance in JMP (SAS Institute, Cary, NC). Reaction time was measured from the onset of the first word of the sentence that disambiguated between the target and foil pictures.
Analysis of structural imaging data
Structural T1 images were corrected for bias field, segmented into gray matter, white matter and cerebrospinal fluid, and initially normalized to Montreal Neurological Institute (MNI) space using the Unified Segmentation procedure (Ashburner & Friston, 2005) implemented in SPM5 (Friston et al., 2007) , running under MATLAB 7.4. More anatomically precise intersubject registration was then performed with the Diffeomorphic Anatomical Registration Through Exponentiated Lie algebra (DARTEL) toolbox (Ashburner, 2007) by warping each subject's image to a template created from the 50 additional normal control subjects.
To identify regions of significant atrophy in the group of non-fluent PPA patients, we summed Jacobian-modulated gray matter and white matter images to create maps of brain parenchyma. These images were smoothed with a 12 mm full width at half maximum (FWHM) Gaussian kernel. The non-fluent PPA group was compared to 74 normal controls (the 24 normal control subjects who took part in the functional study, plus the 50 additional subjects), covarying out age, sex and total intracranial volume. Percent volume loss was plotted for regions with at least 15% volume loss.
Analysis of functional imaging data
The functional MRI data for each subject were preprocessed with standard methods in SPM5. Data were corrected for slice timing differences, realigned to account for within-scan head movement, smoothed with a Gaussian kernel of 8 mm FWHM, and high-pass filtered (cutoff = 128 s) to remove slow signal drift.
In our primary analysis, we examined signal change as a function of condition. The design matrix contained one explanatory variable for each of the seven conditions, which consisted of a boxcar function convolved with a hemodynamic response function (HRF). Additional covariates of no interest were included to reduce error variance: three translation and three rotation parameters (saved during realignment), and raw signal timecourses from a white matter region of interest (ROI), a cerebrospinal fluid ROI, and the whole brain global signal. All raw data were manually examined and volumes where there was excessive head motion (visible interleaving artifact) or other artifacts were excluded. The number of volumes excluded was 26.5 ± 22.5 in non-fluent PPA patients and 11.5 ± 15.9 in controls. We fit a general linear model to the BOLD signal timecourse for each voxel in each participant using Restricted Maximum Likelihood and an autoregressive AR(1) model to correct for nonsphericity arising from serial correlations. The main contrast of interest was between noncanonical and canonical conditions, as described above. We refer to regions activated by this contrast as "modulated by syntactic complexity". A secondary contrast of interest was all conditions relative to rest.
Random effects analyses were carried out on contrast images from individual subjects, which were normalized to MNI space by applying the transformations derived with Unified Segmentation and DARTEL described above. Patients and controls were compared with ttests with unequal variance. Contrasts identifying regions activated less in patients than controls were masked to include only regions activated in controls, and corrected only for the volume of those regions. Contrasts identifying regions activated more in patients than controls were masked to include only regions activated in patients. All masks were thresholded at voxelwise p < 0.005. All statistical maps were thresholded at voxelwise p < 0.005, and then corrected for multiple comparisons at p < 0.05 based on cluster extent according to Gaussian random field theory.
We further examined signal change as a function of condition in several left perisylvian regions of interest (ROIs). Anterior and posterior perisylvian regions were selected because of their known involvement in syntactic processing (Bates et al., 1987a (Bates et al., , 1987b Caplan & Hildebrandt, 1998; Dronkers et al., 2004; Tyler & Marslen-Wilson, 2008; Friederici et al., 2009 ). ROIs were defined based on functional contrasts and structural changes in patients, as specified in the results section. Signal change for each condition was averaged across all voxels in the ROI, using custom MATLAB scripts. Signal differences were compared between groups with t-tests with unequal variance using JMP.
In each ROI, we also examined whether there were relationships between atrophy and both functional contrasts of interest, i.e. modulation by syntactic complexity, and overall activity relative to rest. Atrophy was quantified by subtracting from 1 the mean smoothed Jacobianmodulated gray matter and white matter estimates (corrected for total intracranial volume) averaged over the ROI, and correlations between atrophy and functional measures were calculated with JMP.
A challenge in comparing patients and healthy controls in imaging studies of impaired domains is that patients typically differ from controls in task performance as quantified by accuracy and reaction time (Price et al., 2006) . To address this challenge, two ancillary analyses were carried out in which we compared non-fluent PPA patients and controls while matching performance insofar as that was possible.
In the first ancillary analysis, we quantified modulation of signal by syntactic complexity by using reaction time as a proxy for allocation of syntactic processing resources (Wilson et al., 2009) , instead of defining syntactic complexity in terms of non-canonical versus canonical conditions. Only correct trials were considered, and no trials were included from conditions on which participants scored less than 8 out of 12 correct, because correct trials in such conditions may well have just been guesses. The four trials within each block were treated as separate events with a duration of 4 s each, convolved with a HRF. There were two separate explanatory variables for short and long correct trials, each of which was parametrically modulated by another variable coding reaction time for that trial. Reaction time was demeaned based on the mean of all short or long correct trials, and clipped at 1.5 standard deviations from the mean. There were two additional explanatory variables modeling incorrect trials and trials on which the participant did not respond. The same covariates of no interest were included as in the main analysis. The contrast of interest was signal change per second of reaction time, which was averaged across the short and long parametric variables. Patients and controls were compared as described above.
In the second ancillary analysis, we compared signal change relative to rest between patients and controls, on a subset of blocks that were matched for accuracy and reaction time across the two groups. We selected the most advanced Long condition on which each non-fluent PPA patient scored at least 8 out of 12 correct (Long Lexical for 4 subjects, Long Easy for 1 subject, and Long Medium for 3 subjects). We then selected 10 Long blocks from normal controls (Long Medium for 4 subjects, Long Hard for 6 subjects) such that neither accuracy (t(12.46) = 0.14, p = 0.89) nor reaction time (t(9.02) = 1.28, p = 0.23) differed between patients and controls for the blocks chosen. Contrast images from the primary analysis described above were submitted to a t-test with unequal variance, with accuracy and reaction time included as covariates of no interest. Patients and controls were compared as described above.
Results
Behavioral data
Non-fluent PPA patients performed less accurately overall (69.8% ± 14.0%) than controls (92.8% ± 3.1%; t(7.23) = −4.59, p = 0.0023), and they performed disproportionately worse on more syntactically complex (non-canonical) conditions relative to less complex (canonical) conditions (t(8.23) = −4.04, p = 0.0035) (Fig. 2a) .
Non-fluent PPA patients responded more slowly overall (2103 ± 348 ms) than controls (1218 ± 175 ms; t(8.22) = 6.91; p = 0.0001), but they did not differ from controls in the effect of syntactic complexity on reaction time (t(8.14) = 0.90; p = 0.39) (Fig. 2b) .
Atrophy in non-fluent PPA patients
The most markedly atrophic region in non-fluent PPA patients was the left precentral gyrus and sulcus extending through the inferior frontal sulcus (IFS) to the dorsal part of the posterior inferior frontal gyrus (IFG). There was also volume loss in the left superior temporal gyrus (STG), superior temporal sulcus (STS) and middle temporal gyrus (MTG), and the right IFS (Fig. 3 , blue-green; Table 3 ).
Brain regions modulated by syntactic complexity in controls
Brain regions modulated by syntactic complexity in controls (i.e. more active for noncanonical conditions than canonical conditions) included the left dorsal posterior IFG and adjacent IFS and insula, a less extensive set of homologous regions in the right hemisphere, and the left mid-posterior STS and adjacent MTG (Fig. 3, hot ; Table 4 ).
There was overlap between regions modulated by syntactic complexity in controls and atrophic regions in non-fluent PPA patients in three brain areas: the left dorsal posterior IFG and adjacent IFS, a smaller homologous region in the right IFS, and the left mid STS (Fig.  3) .
Changes in functional activity in non-fluent PPA patients
In non-fluent PPA patients, bilateral temporal regions, but not frontal regions, were modulated by syntactic complexity (supplemental Fig. 1, supplemental Table 1 ). In the masked whole-brain analysis of group differences in modulation by syntactic complexity, the left dorsal posterior IFG and adjacent IFS were modulated less by syntactic complexity in non-fluent PPA patients than in controls, as was a smaller homologous region in the right hemisphere ( Fig. 4, cold ; Table 5 ). There were no regions that were modulated significantly more by syntactic complexity in non-fluent PPA than in controls.
We further examined signal change as a function of condition in three left hemisphere ROIs located in anterior and posterior language areas as indicated in Fig. 4 : the left posterior IFC, left mid STS, and left posterior STS. The ROI in the left posterior IFC was defined as the intersection of the regions modulated by syntactic complexity in controls and atrophic in non-fluent PPA, and was located in the left dorsal posterior IFG and adjacent IFS. This region was activated equivalently by all conditions in non-fluent PPA patients; modulation by syntactic complexity did not differ from zero (t(7) = −0.41, p = 0.69; Fig. 5a ). However overall activity in this region was marginally greater in patients than controls (t(10.31) = 2.20, p = 0.052). Note that a similar pattern of activity was also observed in the smaller homologous region in the right hemisphere posterior IFC that was likewise modulated by syntactic complexity in controls and atrophic in patients (supplemental Fig. 2 ).
In contrast, the left mid STS (the other left hemisphere region that was modulated by syntactic complexity in controls and atrophic in patients) was modulated by syntactic complexity in non-fluent PPA patients (t(7) = 2.95, p = 0.022; Fig. 5b) , and the extent of modulation did not differ between patients and controls (t(15.25) = 0.05, p = 0.96). The difference in modulation by syntactic complexity between this temporal ROI and the frontal ROI was greater in patients than in controls (t(24.32) = 3.33, p = 0.0028).
The ROI in the posterior STS was defined as the part of the temporal region that was modulated by syntactic complexity in controls but was not significantly atrophic in patients. This region patterned like the posterior IFC in that it was not modulated by syntactic complexity in non-fluent PPA patients (t(7) = 1.00, p = 0.35; Fig. 5c ). In the ROI analysis (unlike the less powerful masked whole brain analysis), this lack of modulation differed significantly from controls (t(18.16) = −2.84, p = 0.011).
For the secondary contrast of interest-all conditions relative to rest-there were no regions that were significantly less active overall in non-fluent PPA patients compared to controls. There was one region in which activity was greater in patients than controls: the left anterior IFG (Fig. 4, warm; Table 5 ). This region was centered at the border of the pars orbitalis and pars triangularis, and was located anterior and ventral to the posterior IFC region that showed reduced modulation by complexity in non-fluent PPA. To determine whether increased signal in the anterior IFG might be related to the marginally greater overall signal in the posterior IFC reported above, we examined the relationship between overall signal in these two regions. Overall signal was correlated between the anterior and posterior IFG in both patients (r = 0.85, p = 0.0083) and controls (r = 0.51, p = 0.011).
Within the non-fluent PPA group, extent of atrophy did not predict either modulation by syntactic complexity or overall activity in the posterior IFC, mid STS, posterior STS or anterior IFG (all ps ≥ 0.15).
Ancillary functional analyses based on performance
The first ancillary analysis used reaction time on correct trials as a proxy for syntactic complexity. Brain regions modulated by reaction time in controls were similar to those activated for non-canonical versus canonical conditions, but were more extensive (supplemental Table 2 ). In patients, frontal regions were not significantly modulated by reaction time (supplemental Table 3 ), and when the groups were compared directly, only left frontal regions were modulated less by reaction time in patients than controls, specifically the left IFG, adjacent IFS, and precentral gyrus (Fig. 6, cool ; Table 5 ), similar to the region that was modulated less by the contrast of non-canonical and canonical conditions (compare Fig. 4, cool) . Modulation of the left posterior IFC ROI by reaction time in patients did not differ significantly from zero (t(7) = 1.45, p = 0.19).
In the second ancillary analysis, we compared conditions that were matched for performance (accuracy and reaction time) between patients and controls. Even when performance was matched, the left anterior IFG showed greater activity in patients (0.86% ± 0.18%) than controls (0.05% ± 0.10%; t(10.97) = 4.04, p = 0.0020) (Fig. 6, warm ; Table 5 ). This was the same region that showed more overall activity in patients than controls (compare Fig. 4 , warm).
Discussion
In this study, we have shown that the atrophic left posterior IFC is not differentially recruited for the processing of syntactically complex sentences in non-fluent PPA. This region still responded to the syntactic processing task in non-fluent PPA patients; in fact, overall responses relative to rest were marginally greater than in controls. However there was an equivalent level of functional activity for non-canonical and canonical conditions. This pattern of activity differed significantly from the pattern observed in controls, in whom this region was functionally modulated by syntactic complexity.
The lack of functional modulation of the posterior IFC by syntactic complexity in non-fluent PPA cannot be accounted for solely in terms of differences in task performance between patients and controls (Price et al., 2006) . Although reaction times were slower overall in patients, they were not disproportionately slower on non-canonical conditions. Under the assumption that reaction time reflects syntactic processing demands, we can conclude based on the reaction time data that patients made greater demands on syntactic processing resources for the more syntactically complex conditions just as controls did, but unlike controls, they did not recruit the posterior IFC as those demands increased. Consistent with this, the ancillary analysis restricted to correct trials showed that the posterior IFC was functionally modulated by reaction time in controls but not in patients.
It is also unlikely that our findings reflect merely hemodynamic changes associated with atrophy (D'Esposito et al., 2003) , for two reasons. First, neither modulation of functional activity by complexity nor overall functional activity was correlated with tissue volumes in any region of interest. Second, the mid STS was also atrophic, yet it continued to be modulated by syntactic complexity in patients just as it was in controls.
We propose two possible explanations for the lack of functional modulation by syntactic complexity in the posterior IFC in non-fluent PPA. The first is that cell death or cell damage in the posterior IFC renders this region unable to perform computations relevant to syntactic processing, thus it is no longer recruited as syntactic processing demands increase. If this is the case, then the overall greater activity in the posterior IFC in patients must be interpreted as reflecting a separate mechanism not specific to syntactic processing. This explanation is supported by the fact that overall activity in the posterior IFC was highly correlated with overall activity in the anterior IFG, which was over-recruited in patients, even when patients and controls were compared on conditions matched for accuracy and reaction time. Increased prefrontal activation has been observed in many imaging studies of normal aging as well as dementia and other neurological conditions, and is thought to reflect domaingeneral compensatory processes (Buckner, 2004; Park and Reuter-Lorenz, 2009 ). The kinds of domain-general processing performed by the anterior part of the IFG do not appear sufficient to support the domain-specific requirements of syntactic processing, therefore patients performed poorly despite invoking a compensatory mechanism.
The second possible explanation is that the posterior IFC continues to have some syntactic functionality, but its efficiency is degraded such that even the easiest (canonical) conditions result in maximal recruitment and maximal signal in this region. Note that signal change for the easiest condition in patients was approximately equal to signal change for the most difficult condition in controls. Under this account, the compensatory activity in the anterior IFG could be interpreted as an anterior spread of activation from the posterior IFC, or as a qualitatively distinct domain-general compensatory process.
Previous studies of syntactic processing deficits in non-fluent PPA using structural (Amici et al., 2007 , Peelle et al., 2008 , Wilson et al., 2010 and functional (Cooke et al., 2003) imaging have also implicated left inferior frontal areas. The specific regions reported in these studies are quite variable and are located in or adjacent to both the posterior and anterior inferior frontal regions reported here. Our findings, which combine functional imaging data in both patients and controls as well as structural imaging data in patients, suggest that the anterior IFG has a more domain-general function, since its recruitment did not support successful syntactic processing, and that the posterior IFC is the most critical region underlying syntactic processing and its breakdown in non-fluent PPA. Specifically, the region that was modulated by complexity in controls, atrophic in patients, and not modulated by complexity in patients, was localized to the dorsal posterior IFG and adjacent IFS. Note that we observed atrophy to be most prominent in this region and more dorsally in the precentral gyrus and sulcus. The anterior insula showed only about 10% volume loss, and was thus less significantly atrophic than in some previous studies (e.g. , which may reflect our use in the present study of a high dimensional normalization algorithm, DARTEL (Ashburner, 2007) , which has less of a tendency than earlier methods to interpret widening of the Sylvian fissure as atrophy of the adjacent insula.
The other region that was modulated by syntactic complexity in controls and atrophic in non-fluent PPA was the mid STS. In striking contrast to the posterior IFC, this region showed normal modulation by syntactic complexity in patients. Although atrophy in nonfluent PPA is most prominent in the dominant frontal lobe , temporal cortex is increasingly affected as the disease progresses (Rohrer et al., 2009 ). The patients we scanned were two to ten years post-onset, and so as a group had significantly reduced tissue volume in the left temporal lobe. Mid-posterior temporal regions have been implicated in syntactic processing in neuropsychological and functional neuroimaging studies (e.g. Ben-Shachar et al., 2004; Bornkessel et al., 2005) , and it has recently been suggested that the STS may be important for integrating lexical/semantic information with syntactic information , or retrieving syntactically relevant information about lexical items (Snijders et al., 2008) . Functions such as these may be differentially taxed in parsing syntactically complex sentences, because of an increased number of "references" to the lexical items contained in a sentence in the course of processing it. The preserved modulation of this region in non-fluent PPA implies that while the mid STS may be necessary for syntactic processing, it is not sufficient, since task performance was poor. The normal activity in this region also underscores the specificity of the functional changes observed in the posterior IFC.
A more posterior sector of the STS was also modulated by syntactic complexity in controls. This region was not atrophic in non-fluent PPA, yet functionally it resembled the posterior IFC in that it was not modulated by complexity in patients. Unlike the mid STS which has been linked to ventral pathways associated with lexical and semantic functions (Saur et al., 2008) , the posterior STS appears to be linked via dorsal tracts (the arcuate fasciculus and superior longitudinal fasciculus) to regions including the posterior IFC. This dorsal pathway has been argued to be important for syntactic processing (Friederici et al., 2006) . The lack of functional modulation in the posterior STS suggests that dysfunction in non-fluent PPA is not restricted to the atrophic posterior IFC, but involves also this anatomically connected posterior language region.
Our study has several limitations, of which two are particularly notable. The first is that because PPA is not particularly common, we successfully scanned only eight patients with non-fluent PPA. These patients comprised a heterogeneous group, varying in stage of disease progression, and degree of agrammatism. The relatively small number of patients studied precluded us from looking in more detail at relationships in individuals between atrophy, functional changes, and performance, and limited our ability to draw firm conclusions from the fact that we did not observe any significant correlations between atrophy and functional measures within the patient group. However, to our knowledge, this is still one of the larger cohorts of PPA patients diagnosed with a single variant to be studied with a functional activation paradigm, and we were still able to demonstrate robust functional differences between patients and controls.
A second notable limitation is that the our syntactic processing task makes demands on other processes such as working memory, attention, and executive function, which likely increase as syntactic complexity increases. Relatedly, there are different aspects to syntactic complexity that are usually correlated, such as syntactic movement, hierarchical complexity, verbal working memory, and re-analysis. Some researchers have attempted to distinguish between the neural correlates of these different aspects of syntactic complexity Grewe et al., 2005; Amici et al., 2007; Bahlmann et al., 2007; Peelle et al., 2008; Makuuchi et al., 2009 ), but we did not attempt to do so. Although we matched sentence length, lexical content, and point of disambiguation, thus ruling out superficial differences between conditions, our measure of complexity still encompasses several syntactic and non-syntactic factors. Most functional imaging studies of syntactic processing have used similar designs that are subject to the same limitations. Despite these limitations, the syntactic processing regions that we identified in controls match well with regions that result in syntactic deficits when lesioned in patients (Bates et al., 1987a (Bates et al., , 1987b Caplan and Hildebrandt, 1998; Dronkers et al., 2004) .
In sum, we have shown that the atrophic left posterior IFC is not differentially recruited for the processing of syntactically complex sentences in non-fluent PPA, as it is healthy control subjects. This likely reflects either the complete lack of syntactic functionality of this region, or degraded functionality such that the region is maximally recruited for even the simplest sentences. Thus the left posterior IFC is not only structurally abnormal, but is also functionally compromised in non-fluent PPA, suggesting that this region plays a critical role in syntactic processing and in its breakdown in this syndrome.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Experimental design. There were seven conditions that varied in terms of the syntactic processing required. The targets are shown on the left, surrounded by a yellow box. In the actual experiment, targets and foils were presented randomly on the left or right, and the yellow box appeared to indicate the subject's choice. Changes in functional activity in non-fluent PPA. Regions that were less modulated by canonicity in patients than in controls (cool) and regions that showed greater activity for all conditions versus rest in patients than in controls (warm). The letters a, b, and c denote ROIs for which signal is plotted in Fig. 5 . For reference, the red outline shows regions activated in normal controls, and the blue outline shows regions with volume loss in non-fluent PPA (both as in Fig. 3 ). Changes in functional activity in non-fluent PPA patients confirmed in analyses based on performance. passive relative clause separates adjective from the noun it modifies; attention to hierarchical structure is required to assign the adjective to the matrix subject, not the adjacent noun
The girl who the boy is hugging is red agent and patient reversed object relative clause results in noncanonical word order (the agent follows the patient), so requires attention to the syntax of the relative clause Long Hard (Noncanonical) The boy who the girl is pushed by is blue agent and patient reversed highly infrequent adjunct relative passive clause make assignment of thematic roles very difficult
The girl who the boy is kissed by is green color is assigned to wrong participant (e.g. green boy)
passive adjunct relative clause separates adjective from the noun it modifies; attention to hierarchical structure is required to assign the adjective to the matrix subject, not the closer noun
Italicized words in the examples show which word disambiguates the sentence between the target and foil pictures. Note that for each of the four long conditions, there were two different types of items.
Table 3
Atrophic brain regions in non-fluent PPA patients Brain regions modulated by syntactic complexity in controls MNI coordinates for clusters are centers of mass, whereas MNI coordinates for multiple regions within a cluster are local maxima.
Table 5
Functional changes in non-fluent PPA patients 
